MC-CDMA is an attractive multi-access method for the next generation high-speed mobile communication systems. The uplink transmission performance is limited by the multi-access interference (MAI) from other users since all users share the same bandwidth. Adaptive antenna array can be used to suppress the MAI and to improve the uplink transmission performance. In this paper, we propose a frequencydomain adaptive antenna array for multi-code MC-CDMA. The proposed frequency-domain adaptive antenna array uses a simple normalized LMS (NLMS) algorithm. Although the NLMS algorithm is used, very fast weight convergence within one MC-CDMA symbol duration is achieved since the weight updating is possible as many times as the number of subcarriers within one MC-CDMA symbol duration. key words: MC-CDMA, adaptive antenna array, adaptive algorithm, frequency-domain
Introduction
High speed and high quality data services are strongly demanded for the next generation mobile communication systems. Since the mobile channel is composed of many propagation paths with different time delays, the channel becomes severely frequency-selective, which degrades the transmission performance [1] . Recently, orthogonal frequency division multiple access (OFDMA) and multicarrier code division multiple access (MC-CDMA) have been attracting attention as promising candidates for the next generation systems, because of their robustness against the frequencyselectivity of the channel [2] - [4] .
The uplink (mobile-to-base) transmission performance is limited by the multi-access interference (MAI). Adaptive antenna array is an attractive technique for suppressing the MAI [5] . Adaptive antenna array for OFDMA and MC-CDMA can be classified into post-FFT type [6] , [7] and pre-FFT type [8] . In this paper, we propose frequency-domain adaptive antenna array, which falls in the post-FFT type, for the orthogonal multi-code MC-CDMA uplink transmission. The proposed frequency-domain adaptive antenna array uses the desired signal after array combining as the reference signal. This idea is also used in Ref. [9] . (However, the access scheme considered in Ref. [9] is direct sequence code division multiple access (DS-CDMA)). The proposed adaptive antenna array in this paper is designed to minimize the average interference power. This allows us to use the same array weight for all subcarriers and hence, the array weights can be updated, in one OFDM symbol duration, as many times as the number of subcarriers. Because of this, a very fast weight convergence can be achieved although a simple normalized least mean square (NLMS) algorithm is used. The adaptive antenna array studied in Ref. [8] is pre-FFT type. The time-domain reference signal generation and array weight updating at every sampling time are necessary for achieving fast array weight convergence. On the other hand, our proposed method uses the frequency-domain reference signal. In this paper, the optimum array weight is theoretically derived based on the Lagrange multipliers method under the weight constraint. Also derived is the equalization weight when frequency-domain equalization (FDE) based on the minimum mean square error (MMSE) criterion is used after array combining. The remainder of this paper is organized as follows. Section 2 describes the multi-code MC-CDMA uplink with frequency-domain adaptive antenna array. The frequencydomain array weight updating algorithm is presented in Sect. 3. Section 4 gives the bit error rate (BER) analysis. The simulation and numerical results are presented in Sect. 5. Finally, Sect. 6 concludes the paper.
Multi-Code MC-CDMA with Frequency-Domain
Adaptive Antenna Array
Transmit Signal
We assume that U users are transmitting their MC-CDMA signals with N c subcarriers. SF and C denote the spreading factor and the code multiplexing order, respectively. Figure 1 illustrates the u-th user multi-code MC-CDMA transmitter structure. The binary data sequence is transformed into a data-modulated symbol sequence and is serial-toparallel (S/P) converted into C streams {d u,c (i); i=0∼N c /SF− 1}, c=0∼C − 1. Each stream is spread by orthogonal spreading code {c u,c (k); k=0∼SF − 1}, c=0∼C − 1. The C spread sequences are then combined and further multiplied by a scramble sequence {c u,scr (k); k=0∼N c − 1}. The codemultiplexed chip sequence is divided into a sequence of chip blocks of N c chips. N c -point IFFT is applied to each N c -chip block to generate the MC-CDMA signal. The MC-CDMA signal after the insertion of N g -sample guard interval (GI) can be expressed using the equivalent lowpass representation as
where
is the k-th subcarrier component with P u being the transmit power per code and a denoting the largest integer smaller than or equal to a. Figure 2 illustrates the frame structure of the MC-CDMA signal. Each frame consists of N p OFDM pilot symbols and N d MC-CDMA data symbols; the OFDM pilot is allocated the same power (i.e., (C/SF)P u ) as the multicode MC-CDMA data. The array weight updating is done by using OFDM pilot; however, ideal channel estimation is assumed (in practical systems, channel estimation is performed by using pilot).
Propagation Channel
The MC-CDMA signal is transmitted over a frequencyselective fading channel with L independent propagation paths and is received by M antennas. 
Here η m (t) is the noise having a variance of 2N 0 /T s , where N 0 represents the single-sided additive white Gaussian noise (AWGN) power spectrum density and T s is the MC-CDMA signaling period including GI. 
Received Signal
Without loss of generality, the u=0th user is assumed to be the desired user. Figure 3 illustrates the receiver structure for the 0th user. After the removal of the GI, N c -point FFT is performed to decompose the received signal into N c sub-
Adaptive Array and MMSE-FDE
Antenna array combining is done in the frequency-domain. The array combiner output Y(k) for the k-th subcarrier is given by
T . The array weight vector is the same for all subcarriers. Updating w array is presented in Sect. 3.
After the array combining, MMSE-FDE is performed as
where w FDE (k) is the equalization weight and
The mean square error (MSE) between the k-th subcarrier component R(k) after FDE and the transmitted signal component S 0 (k) is written as
from w array 2 = 1. The MMSE equalization weight
with E s,u = P u T s being the symbol energy. The MMSE equalization weight is derived as
After MMSE-FDE, parallel-to-serial (P/S) conversion and multi-code despreading are performed to obtain
for i=0∼(N c /SF) − 1 and c=0∼C − 1. Finally, the datademodulation is performed.
Frequency-Domain Array Weight Updating

MSE
The MMSE adaptive algorithm [10] , which minimizes the MSE between the array output Y(k) and the reference signal Z(k), is used to determine the array weight vector. In the case of Z(k) = p 0 (k), the array weight has to not only suppress the interference but also perform coherent detection and therefore, the algorithm needs to track a time-selective fading. However, the BER performance degrades in a fast fading due to the tracking problem. Following the idea shown in [9] , we use the desired signal component in Eq. (6) as Z(k), which is given by
Therefore, the error signal e(k) becomes
The
where the superscript H denotes the Hermitian transposition and R i+n is the M-by-M correlation matrix of the interference plus noise and is given by
with I being an M-by-M identity matrix. w array is determined so that the MSE can be minimized. However, the solution includes w array = 0. To avoid this, we introduce the constraint
The phase and amplitude variations of the desired signal component, due to the fading, remain after the array combining. The fading compensation is a task of MMSE-FDE.
Optimum Array Weight
Under the constraint w array 2 = 1, we use the following cost function [10] J array (w array ) = w 
Since our objective is to find w array that minimizes w H array R i+n w array , the optimum w array is the eigen vector corresponding to the minimum eigen value κ min . Hence, the optimum w array is the one that satisfies
Weight Updating Algorithm
The gradient vector ∇E |e(k)| 2 [10] is given by
where R xx and R ss are given by
Since there is no correlation between S 0 (k) and S u (k), and also between S 0 (k) and Π m (k), we have
Therefore, Eq. (24) can be rewritten as
Based on the steepest decent algorithm [10] , we develop a stochastic adaptation algorithm. Removing the ensemble average operation from Eq. (27), we obtain the following algorithm similar to the well known NLMS algorithm:
for the n-th updating, where
and µ is the step size. Equation (29) is necessary to satisfy the constraint w array 2 = 1. Since the same array weight vector is used for all the subcarriers, the weight updating, as many times as N c , is possible within one MC-CDMA symbol duration.
Average Bit Error Rate
From Eqs. (2) and (7), Eq. (13) can be written aŝ
where the first term represents the desired signal component and the second, third, and fourth terms are the inter-code interference (ICI), residual MAI, and noise due to AWGN, respectively. χ ICI (i), χ MAI (i), and χ noise (i) are given by
It can be understood from Eq. (30) thatd 0,c (i) is a random variable with a mean
k=iSFH 0 (k). Applying the Gaussian approximation of χ ICI and χ MAI , the sum of χ ICI , χ MAI , and χ noise can be treated as a new zeromean complex-valued Gaussian variable χ. The variance of χ is the sum of those of χ ICI , χ MAI , and χ noise :
where, from Appendix,
Assuming quaternary phase shift keying (QPSK) data modulation, the conditional BER, for the given set of
dt is the complementary error function and γ(Γ, H) is the conditional signal-tointerference plus noise power ratio (SINR) defined as
The theoretical average BER can be numerically evaluated by averaging Eq. (34) over all possible H. Table 1 summarizes the computer simulation conditions. Multi-code MC-CDMA with equivalent spreading factor SF eq (= SF/C) = 1 is considered, which provides the same data rate as OFDM (note that SF=1 gives the OFDM signal). The OFDM pilot is generated using a binary random sequence. Channel coding and frequency-domain interleaving are not considered in this paper. We assume a frequency-selective block Rayleigh fading channel having a sample-spaced L=16-path uniform power delay profile (i.e., • , respectively. The average received signal powers from all users are the same (i.e., the average received desired signal power-to-total interference power ratio (SIR) = −4.8 dB). The initial array weight is set as
Simulation and Numerical Results
Besides the computer simulation of the signal transmission, the theoretical average BER is also evaluated numerically, using Monte-Carlo numerical computation method as follows. The set of path gains {h u,l,m ; u=0∼U − 1, l=0∼L − 1, and m=0∼M−1}, is generated to obtain {H u (k); k=0∼N c −1}, w array and {w FDE (k); k=0∼N c −1}, by using Eqs. (5), (23) and (12), respectively. The conditional BER for the given average received E s /N 0 is computed by using Eq. (34). This is repeated a sufficient number of times to obtain the average BER. Figure 4 shows the array weight vector convergence rate, measured by the average BER, with the step size µ as a parameter for OFDM case (SF=1). It is seen that the array weight vector w array converges within one OFDM symbol duration for µ=1/8 and 1/32, since the proposed adaptive array is able to update the array weight vector as many times as the number of subcarriers. Figure 5 shows the beam pattern generated after the array weight has converged. It is seen that the nulls are directed to the interfering users. As the step size µ increases, a faster convergence can be seen, but the BER after the weight vector has converged becomes higher (see Fig. 4 ). In the following simulation, we use µ=1/32. Figure 6 shows the convergence rate with SF as a parameter for the case of equivalent spreading factor SF eq =1. As SF increases, the BER after the weight has converged becomes smaller. This is because the frequency diversity effect increases as SF increases. Also seen from Fig. 6 is that the adaptation algorithm developed in Sect 3.3 gives an array weight close to the theoretically predicted one given by Eq. (23). Figure 7 plots the average BER performance obtained after weight updating 512 times (i.e., after 2 OFDM symbols duration) with SF as a parameter for the case of SF eq (=C/SF)=1. For comparison, the theoretical BER of Wiener solution (maximum SINR) case is plotted. It is seen that as SF increases, the BER performance improves since a larger frequency diversity effect is obtained. In a high E b /N 0 region, the BER of the proposed array is almost close to the Wiener solution case. On the other hand, although the proposed array slightly degrades from the Wiener solution case in a low E b /N 0 region, it provides a BER performance close to the Wiener solution case. We have also examined the BER performance using antenna diversity reception using maximal ratio combining (the results are not shown here) and found that a large BER floor of around BER=0.1 appears since the antenna diversity reception cannot sufficiently suppress the MAI. Figure 8 plots the average BER performance obtained after weight updating 512 times with the arrival angle spread ∆ as a parameter for the case of SF eq =1. The proposed adaptive antenna array is designed to minimize the average interference power and therefore, if L paths arrive from different directions, different paths look like different users; hence, the equivalent number U e of users is given by the number of users times that of paths, i.e., U e = L × U. Therefore, even if M = U = 4, as ∆ increases, the BER floor appears and the achievable BER performance degrades due to the increase of the BER floor. As a consequence, the proposed adaptive antenna array is effective only when ∆ is very small; this happens if the base station antenna height is high enough so that there is no obstacle which blocks the interfering signals. This is a limitation of the proposed adaptive antenna array (Note that the proposed adaptive antenna array is based on the average interference power minimization criterion and hence, can only suppress the interference power; even when U e < M, it cannot increase the desired signal power unlike the adaptive antenna array using a different array weight vector on a different subcarrier).
Conclusion
In this paper, we proposed a frequency-domain adaptive antenna array for multi-code MC-CDMA uplink transmission. In the proposed array, the same array weight is used for all subcarriers and hence the weight update can be done as many times as the number of subcarriers within one MC-CDMA symbol duration. Therefore, a very fast weight convergence is achieved although a simple NLMS algorithm is used. The MMSE-FDE weight taking into account the residual MAI after array combining was derived and the average BER performance was theoretically analyzed. The effectiveness of the proposed array was confirmed by both computer simulation and numerical evaluation.
In this paper, we assumed ideal channel estimation. However, the channel estimation accuracy may degrade in a multi-user environment, thereby degrading the antenna beam forming. There are many literatures concerning channel estimation, e.g., [11] - [13] . The impact of channel estimation errors on the proposed adaptive antenna array is left as an important future work.
Applying the law of large numbers [14] , the second term of Eq. (A· 6) is zero. Hence, we obtain Finally, σ
